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Abstract
A model experiment to understand the oral phase of swallowing is presented and
used to explain some of the mechanisms controlling the swallowing of Newtonian
liquids. The extent to which the flow is slowed down by increasing the viscosity
of the liquid or the volume is quantitatively studied. The effect of the force used
to swallow and of the gap between the palate and the roller used to represent
the contracted tongue are also quantified. The residual mass of liquid left after
the model swallow rises strongly when increasing the gap and is independent of
bolus volume and applied force. An excessively high viscosity results in higher
residues, besides succeeding in slowing down the bolus flow.
A realistic theory is developed and used to interpret the experimental ob-
servations, highlighting the existence of an initial transient regime, at constant
acceleration, that can be followed by a steady viscous regime, at constant veloc-
ity. The effect of the liquid viscosity on the total oral transit time is lower when
the constant acceleration regime dominates bolus flow. Our theory suggests also
that tongue inertia is the cause of the higher pressure observed at the back of
the tongue in previous studies.
The approach presented in this study paves the way toward a mechanical
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model of human swallowing, that would facilitate the design of novel, physically-
sound, dysphagia treatments and their preliminary screening before in vivo eval-
uations and clinical trials.
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1. Introduction
Swallowing occurs about one thousand times per day to transport subcon-
sciously saliva and to transport voluntarily food from the mouth to the stomach
(Dodds, 1989). Swallowing disorders, also known as dysphagia, can be the
consequence of several pathologies, such as throat and neck cancer, stroke, de-5
mentia, or other neurodegenerative conditions. The higher prevalence among
elderly subjects justifies increased attention in countries with aging populations.
Dysphagia management is crucial for providing adequate nutrition and hydra-
tion while minimizing the risk of choking, aspiration and resulting pulmonary
diseases.10
Despite such importance, swallowing is still not fully understood, because
it involves the complex, coordinated contraction of different muscles located in
and around the tongue, larynx, pharynx and oesophagus. The bolus flow starts
in the mouth under the pressure produced by the tongue surface, moving to-
ward the hard palate. The pressure and the total work provided by the tongue15
during the squeezing action of different jelly-type foods was recently studied
(Yokoyama et al., 2014) and maximum pressures were measured in the range
5−40 kPa. Other groups (Nicosia et al., 2000; Youmans and Stierwalt, 2006) re-
ported previously similar figures and highlighted also that pressure varies along
the tongue position and is higher at the back. The mean peak tongue pressure20
was also found to remain similar across different age groups, although maxi-
mum tongue strength was found to decrease with age (Youmans and Stierwalt,
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2006; Utanohara et al., 2008). Clave´ et al. (2006) showed that brain damage
or neurodegenerative conditions result in decreased tongue pressure, decreased
bolus kinetic energy and increased transit time.25
The volume of the bolus swallowed was shown to vary with the viscosity of
the food (Adnerhill et al., 1989). For thin liquids, the volume ranges from 1 mL
(saliva bolus) to 20 mL (cup drinking), and decreases when drinking hot fluids
or sipping.
A simple theory, considering the transient motion of two rigid plates as a30
model for the tongue and the palate, has been proposed to describe the fluid
mechanics of bolus ejection from the oral cavity by Nicosia and Robbins (2001).
This theory has highlighted that liquid density can potentially play an important
role in swallowing. However, in that simple system, the tongue and the palate
are separated by a spatially uniform gap that decreases with time and an infinite35
time is needed to complete the ejection of the bolus. In turn, it is extremely
difficult to perform any direct comparison with in vivo data.
To bridge the gap between theory and in vivo experiments in the field of
mastication, Woda et al. (2010) developed an artificial masticator and studied in
a controlled way the effect of the different process parameters, while overcoming40
the difficulties linked to in vivo observations. Similarly, De Loubens et al. (2010)
and De Loubens et al. (2011) proposed a simple pharyngeal peristalsis simulator
and a numerical analysis to study the flow and the resulting coating thickness.
Numerical simulations were recently used to reproduce mastication and hu-
man swallowing, but the complexity of this free surface flow requires non-45
conventional algorithms such as SPH (Ho et al. (2014)) or MPS (Kikuchi et al.
(2015)).
Mackley et al. (2013) characterized the rheology of dysphagia thickeners and
proposed for the first time a qualitative model experiment replicating tongue
peristalsis. Our study proposes a quantitative model experiment to understand50
swallowing and in particular the effect of bolus physical properties on the bolus
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transit time and the residues left during the oral phase of swallowing.
2. Materials and methods
2.1. Materials
Aqueous glycerol solutions are used in this study because they allow a wide55
viscosity variation, while showing a simple Newtonian rheology. The liquid
viscosity of the aqueous glycerol solutions was characterized using a rheometer
Physica MCR-500 by Anton Paar, under simple shear with a concentric cylinder
geometry. The water concentration was varied in the range 0, 2, 5, 20, 50 % wt
(0 to 440 g/L), to obtain a viscosity range from µ = 1.185 Pa s to µ = 0.006 Pa60
s at 22o C. A red dye powder was added for enhancing contrast in the images,
with no impact on the rheological properties of the liquids.
2.2. Methods
To simulate the oral phase of human swallowing, we developed and optimized
the mechanical model designed initially by Mackley et al. (2013). The model65
experiment used in this study is shown in Figure 1. The top rigid wall is
a bidimensional approximation of a human palate, with a constant curvature
along θ.
This experimental setup simulates two main actions of the tongue during
swallowing . A roller, attached to a pivoting arm, mimics the contracted part of70
the tongue, propelling the bolus. Its position during the experiment is defined
by the angle θ (see Figure 1). A thin, compliant tubing made of a dialysis
membrane mimics the ability of the tongue at rest to hold the fluid in mouth.
When this is empty and flat, its width is wT = 23 mm and its thickness is 0.1
mm, including the adhesive tape. We define h the gap between the roller and75
the palate and h’ the initial gap between the roller and the tube, the difference
being the membrane thickness. Before each experiment, the soft membrane is
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glued on the top rigid surface. The bolus is fed into the dialysis membrane via
a syringe and pushed manually until the starting position.
The experiment used in the study by Mackley et al. (2013) was improved in80
several ways: a counterweight to equilibrate the arm weight and an adjustable
gap between the roller and the palate were introduced. Furthermore the initial
angular position of the roller (θi = 45
o) is chosen to mimic the contact between
the tongue tip and the bolus before an in vivo swallow.
The arm is initially blocked by a pin and different weights can be used to85
apply a range of torques to the arm. Once the pin is released, the weight
pulls the arm and the roller, propelling the bolus inside the membrane. The
applied force and bolus physical properties determine the resulting acceleration
and the evolution of bolus angular position with time. The roller travels to
the final position θf = 165
o, as depicted in Figure 1 and the liquid flows in the90
membrane until it reaches the open end and flows out. Although the epiglottis
is schematically represented in the model, it is not considered in this work.
In order to measure quantitatively the arm and liquid motion, this is recorded
using a Photron FastCam SA3 high speed camera, at a frame rate of 500
frames/s. Image analysis is used to extract the angular position of the roller95
(bolus tail), the bolus front and the transit time. Finally, the residual liquid
mass in the system is obtained by weighting.
Exploiting the advantages provided by the model swallowing experiment,
the process parameters were varied independently to elucidate their effect on
the liquid motion. In particular we considered the effect of the liquid viscosity100
µ, the driving force F, the liquid volume V and the gap between the roller and
the membrane h’, see Table 1.
The force and the pressure applied by the roller on the bolus increase during
an experiment because of the transient motion and the inertia of the system.
This will be discussed after introducing the theory. The maximum driving force105
at the roller FR and the pressure applied on the bolus P(R/bolus) can be estimated
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from a torque balance on the system at steady state:
FR =
rC
rA + rR
F =
rC
rA + rR
mg = P(R/bolus)S
(1)
F is the driving force generated by the mass m, rR is the roller radius (8110
mm). rC is the distance from the center of rotation of the point of application
of the driving force (28 mm), while rA (47 mm) is the distance of the center
of the roller from the center of rotation. The contact area S between the roller
and the membrane is approximately 1.6 cm2.
In the range of applied driving force (F = 1 - 5 N), the maximum pressure115
is estimated to vary in the range 3.4 - 17.2 kPa, thus covering most of the range
measured during in vivo experiments (Yokoyama et al., 2014; Nicosia et al.,
2000; Youmans and Stierwalt, 2006; Clave´ et al., 2006).
A qualitative comparison of the flow during a model swallow and in vivo
imaging is also presented. The latter was obtained using a Siemens Ultrasound120
SC2000 and a 8v3c curvilinear probe, during the development of the method
that conducted to the preclinical phase of the clinical trial with reference 03/12,
approved by the Commission Cantonale d’E´thique de la Recherche Sur l’Eˆtre
Humain, Vaud, Switzerland. Participant written informed consent was collected
for using these data in this study.125
2.3. Theory
A theory was developed to interpret the flow observed during the artificial
swallows and to assess the relative importance of the different phenomena.
We write the conservation of the angular momentum of the system, con-
sidering the system angular acceleration θ¨ and total momentum of inertia, the130
applied force and the viscous dissipation.(
Itot/O + Ibolus/O +
F
g
rC
2
)
θ¨ = FrC − Fv(rA + rR) (2)
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Exp. µ (Pa s) F (N) V (mL) h′ (mm)
a1 0.053 1 6 0.2
a2 0.053 1.3 6 0.2
a3 0.053 1.5 6 0.2
a4 0.053 2 6 0.2
a5 0.053 2.7 6 0.2
a6 0.053 4 6 0.2
a7 0.053 5 6 0.2
b1 0.006 2 6 0.2
b2 0.053 2 6 0.2
b3 0.441 2 6 0.2
b4 0.788 2 6 0.2
b5 1.185 2 6 0.2
c1 0.006 4 6 0.2
c2 0.053 4 6 0.2
c3 0.441 4 6 0.2
c4 0.788 4 6 0.2
c5 1.185 4 6 0.2
d1 0.053 2 6 0.1
d2 0.053 2 6 0.2
d3 0.053 2 6 0.4
d4 0.053 2 6 0.6
d5 0.053 2 6 0.8
Exp. µ (Pa s) F (N) V (mL) h′ (mm)
d6 0.053 2 6 1.4
d7 0.053 3 6 0.1
d8 0.053 3 6 0.2
d9 0.053 3 6 0.4
d10 0.053 3 6 0.6
d11 0.053 3 6 0.8
d12 0.053 3 6 1.4
d13 0.053 4 6 0.1
d14 0.053 4 6 0.2
d15 0.053 4 6 0.4
d16 0.053 4 6 0.6
d17 0.053 4 6 0.8
d18 0.053 4 6 1.4
e1 0.441 4.1 2 0.1
e2 0.441 4.1 2 0.2
e3 0.441 4.1 4 0.1
e4 0.441 4.1 4 0.2
e5 0.441 4.1 6 0.1
e6 0.441 4.1 6 0.2
e7 0.441 4.1 8 0.1
e8 0.441 4.1 8 0.2
- - - - -
Table 1: Summary of the experiments performed in this study.
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The total inertia of the rotating arm, roller and counterweight (Itot/O) was
obtained from the dynamics of the experiments without liquid bolus. The mo-
mentum of inertia of the bolus placed in the soft tube (Ibolus/O) was calculated
from its mass. The last term of equation 2 accounts for the viscous dissipation135
:
Fv = β8piLrAµθ˙ (3)
where L is the bolus length. Since the latter was observed to be almost constant
during all experiments, the viscous dissipation can be easily derived from the
roller velocity. β is an empirical correction of the Poiseuille expression that
accounts for the non-circular section of the membrane and the squeezing action140
of the roller. Considering β = 2 was found to guarantee a good agreement
between theory and experiments. This value corresponds to the flow in an
elliptical section with an aspect ratio of five and was kept constant throughout
this study.
Experimentally, we have also observed the existence of a threshold in driving145
force, Fmin that is required to propel the bolus through the flexible tube and
depends on the bolus properties. Consequently the driving force F is substituted
by F− Fmin.
After integration, the angular velocity of the roller (and bolus tail) reads :
θ˙(t) =
rC(F− Fmin)
8piLrA(rA + rR)βµ
(
1− exp
(
−8piLrA(rA + rR)βµt
Itot/O + Ibolus/O +
FrC2
g
))
(4)
3. Results150
Figure 2 compares the in vivo swallow of 10 mL of sugar molasses (µ = 0.850
Pa s) with an artificial swallow of 6 mL of an aqueous glycerol solution of similar
viscosity (µ = 0.79 Pa s). In the model experiments the bolus volume was
adapted to maintain comparable bolus length and height and the driving force
was set to F = 1.4 N which corresponds approximately to P = 4.8 kPa (see155
Section Materials and Methods), consistently with tongue pressures reported
8
in the literature (Yokoyama et al., 2014; Nicosia et al., 2000; Youmans and
Stierwalt, 2006; Clave´ et al., 2006). The movement of the roller induces a normal
displacement of the soft membrane holding the liquid, toward the rigid top wall,
similarly to the tongue approaching the palate. The geometrical, kinematic160
and dynamic agreement of the bolus flow can be qualitatively appreciated in
Figure 2. A more detailed comparison will be the object of another publication
(Mowlavi et al., 2015) .
The influence of the driving force on the flow was ascertained using a liquid
viscosity µ = 0.053 Pa s and various applied forces. Figure 3 shows several165
typical snapshots illustrating the position of the liquid at different times in a
given experiment (along a row) and the effect of varying the applied forces (along
a column). In particular, the snapshots taken at 0.3 s show clearly the effect of
the applied force. At this time, the bolus has already left the membrane when
the highest force is applied, but not in the other cases.170
The bolus length was found to remain constant during the experiments, until
the bolus head left the tubing. Therefore, only the position and the velocity
of the roller (i.e. the bolus tail) was considered. Figure 4a shows the typical
evolution of the angular position of the roller (i.e. of the bolus tail) and the
good reproducibility. The experimental angular velocities are plotted using solid175
lines in Figure 4b, up to when the bolus front reaches the end of the soft tube.
Higher driving forces reduce the liquid transit time. As already anticipated, it
was observed that below a threshold driving force the bolus is not propelled
through the tube. The theoretical predictions are plotted using dashed lines
and agree well with the experimental results (solid lines).180
Figure 5a and 5b show the effect of the bolus viscosity on the angular velocity
evolution for F = 2 N and F = 4 N, respectively. An increase in viscosity leads
to a decrease in acceleration of the bolus tail and to an increase of the transit
time. The theoretical predictions are plotted using dashed lines and agree well
with experiments. Similar results were obtained when varying bolus volume185
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and the width of the gap between the roller and the rigid surface mimicking
the palate. At constant applied force, the bolus motion is slowed down by an
increased bolus volume or a smaller gap.
Figure 6 summarizes the dependence of the residual mass of liquid on viscos-
ity, gap between roller and palate, driving force and volume. Figure 6a shows190
that the highest viscosity results in an increased residual mass, but intermedi-
ate viscosity levels do not influence significantly the residual mass. Figure 6b
demonstrates that the residual mass increases strongly with the gap, indepen-
dently of the driving force. Finally, Figure 6c shows that the liquid volume does
not influence significantly the residual mass.195
4. Discussion
The duration of the oral phase of swallowing in the model experiment in-
creases with increasing Newtonian viscosity and bolus volume and decreases
with a higher driving force. A reduced applied force, that could be resulting
from a weaker tongue, leads to longer transit times.200
The theory presented in this study describes quantitatively well the effect of
these variables on the evolution of the velocity and allows identifying which
mechanism dominates the flow, depending on process conditions and liquid
properties. Using a liquid viscosity of µ = 0.053 Pa s, Figure 4b shows that
the angular velocity increases steadily throughout the experiment for all force205
levels, as long as the minimum critical force is exceeded. In this case only the
transient regime at constant acceleration is observed and the system does not
reach the viscous regime, characterized by a constant angular velocity resulting
from the balance between the applied force and the viscous dissipation. Con-
versely, Figure 5a illustrates that the viscous regime is clearly reached for high210
viscosity liquids and low applied force, after a quick transient regime at constant
acceleration. During the viscous regime at constant angular velocity, the force
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and pressure exerted by the roller is very close to the maximum values intro-
duced at the end of paragraph Methods 2.2. For the lowest viscosity liquids,
only the constant acceleration regime appears. Figure 5b shows that higher215
driving forces, namely F = 4 N , induce a constant acceleration regime for most
of the experiment duration, itself shortened with respect to lower forces. In
all cases, the theoretical results (dashed lines) agree well with the experimental
results (solid lines).
Figure 7 illustrates the use of our theory to predict the combined effect of220
liquid viscosity and of the net driving force. At low liquid viscosity, the transient
regime at constant acceleration dominates the process and the (Newtonian)
viscosity has little influence on its dynamics, whereas a much stronger effect and
slower dynamics are observed if the steady viscous regime is reached, namely
for highly viscous liquids. Conversely, liquid density can only have some effect225
on the swallowing time when the constant acceleration regime holds for most of
the swallow. Nicosia and Robbins (2001) claimed in their study that density
dominates the flow in the oral phase when liquid viscosity is lower than 0.1 Pa s.
The system presented in this study simulates much more closely the human
physiology because it considers a spatially variable gap between the tongue230
and the palate that can transport the bolus into the oesophagous (Figure 2).
However, this conclusion still holds, as shown by the flat isochronic curves in
Figure 7, when viscosity is lower than 0.1 Pa s. Finally, the theoretical contour
lines in Figure 7 suggest to which extent the applied force for swallowing should
increase to counterbalance an increase in viscosity, while maintaining a constant235
transit time.
A lower swallowing force has been shown to induce a decrease in bolus accel-
eration and velocity and an increase in the oral transit time. Clave´ et al. (2006)
observed the same effect in patients affected by brain damage or neurodegenera-
tive conditions. Naturally, other perturbations of the swallowing process can be240
linked to the same conditions and our model experiments do not currently have
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the ambition of replicating any specific condition, but rather to verify simple
mechanical links between the well controlled parameters of this model system
and the resulting liquid flow.
Our theory and experiments can also help formulating a hypothesis concern-245
ing the higher pressure measured at the back of the tongue, during swallowing,
by Nicosia et al. (2000). The tongue and the bolus are initially static and be-
cause of the initial acceleration and the tongue inertia, the force exerted by the
roller on the liquid and its pressure increase over time. Therefore, the higher
pressure measured at the back of the tongue might be simply caused by the lower250
acceleration of the tongue and the bolus, when the latter transits throughout
the back of the tongue.
A bolus residue after a swallow is generally not desired because it can poten-
tially lead to aspiration after the airway protection is released. Increasing the
gap between the roller and the palate leads to an increase in the bolus residual255
mass as shown in Figure 6. This effect could potentially explain the condition of
some elderly patients with poor tongue mobility, resulting in incomplete sealing.
The high residual mass obtained with high gap explains also partly the lower
observed transit time, because the volume of the bolus being transported in the
tube decreases significantly during the swallow.260
For Newtonian liquids, the effect of the viscosity on residues is not very
strong, as shown in Figure 6, with the exception of the highest viscosity tested
that generates more residues. Two mechanisms were considered to explain the
increase of residues at high liquid viscosity. On one side the roller might slightly
deform at high liquid viscosity, thus increasing the effective gap and the resulting265
residual film. This hypothesis could be discarded by considering that the roller
elastic modulus is approximately 2500 MPa and the maximum pressure 17 kPa,
leading to a maximum strain below 10−5 . The maximum deformation of the
roller is therefore always negligible with respect to the gap. Nevertheless, the
effect of using rollers with an increased compliance and/or roughness certainly270
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deserves to be studied in the future. Another mechanism that could explain
the residue increase when high viscosity liquids are swallowed, is a reduced
effectiveness of the peristaltic flow. Brown and Hung (1977) considered the
steady viscous flow induced by a peristaltic wave in a bi-dimensional channel.
When the wave amplitude is much smaller than the wavelength, the transported275
flow rate decreases when the liquid viscosity increases, which would be consistent
to observing a residue increase in our configuration. Brown and Hung (1977)
claimed also that this trend reverses for finite amplitude to wavelength ratios,
which could explain the existence of a range of viscosities having little or no
impact on residues. Further experiments with different roller diameters would280
be necessary to support this interpretation.
The cause of this increase in residue mass notwithstanding, the results ob-
tained in this model experiment support the observations made in a recent
review (Steele et al., 2014) of in vivo results: increasing bolus viscosity has the
positive effect of slowing down the flow, allowing more time for preparing the285
airway closure. However, a too high viscosity can induce higher residues.
Finally, our experimental results suggest also a weak dependence of oral
residues on bolus volume. Splitting a bolus in several smaller volumes could
therefore increase the cumulated residual mass. However, it should be under-
lined that this conclusion considers only the residues in the oral phase and not290
the likelihood of aspiration during swallowing, nor pharyngeal residues, since
the flow in the pharynx is not accounted for in this study.
Beside the already mentioned geometrical simplification of the oral cavity,
several other assumptions would deserve being refined in future studies. Given
the fast dynamics, this study assumes that no active control takes place during295
swallowing and that the process takes place under the action of an imposed
force. A more detailed comparison of the dynamics of model experiments and
in vivo flow will be the focus of another publication (Mowlavi et al., 2015).
Several other extensions of this study can be envisaged to pave the way toward
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a holistic mechanical model of swallowing : considering other physiological pro-300
cesses involving the pharynx and the epiglottis, the risk of aspiration during
swallowing, the flow of non-Newtonian liquids or saliva lubrication.
5. Conclusions and perspectives
We have developed a quantitative model experiment that helps understand-
ing the oral phase of swallowing, based on a qualitative prototype originally305
designed by Mackley et al. (2013).
We have compared this experiment with in vivo ultrasound observations and
used it to study quantitatively the changes in transit time induced by varying
the applied force and/or the viscosity of a Newtonian liquid. We have estab-
lished a realistic theory that highlights the existence of two different regimes:310
an initial constant acceleration regime, possibly followed by a regime at con-
stant velocity, dominated by the viscous dissipation. The liquid viscosity has,
conversely, no effect on the initial regime. A poor tongue-palate sealing (i.e.
a higher gap) and a very high liquid viscosity lead to a higher liquid residue,
while the latter does not depend on the liquid volume. This study provides a315
mechanistic explanation to some in vivo observations from other studies, for
instance the fact that increasing too much the liquid viscosity can induce higher
residues, beside slowing down the swallowing process enough to obtain an ef-
fective airway closure. Furthermore, the theory shows that inertia can explain
why during swallowing the liquid pressure is higher at the back of the tongue.320
This model experiment and theoretical considerations are the first step to-
ward a mechanical understanding of human swallowing, that can contribute to
foster the development of improved dysphagia treatments. Interesting exten-
sions of this study can be envisaged: considering shear thinning liquid boluses
or integrating other physiological processes (pharynx, epiglottis, saliva), in order325
to consider the risk of aspiration stemming from a reduced coordination.
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Figure 1: Artificial swallowing experiment : (a) overview of the experimental setup, (b)
detailed drawing of the arm and roller without liquid.
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Figure 2: Comparison between an in vivo swallow of sugar molasses (top) and an artificial
swallow of an aqueous glycerol solution of similar viscosity (bottom). Images are taken from
the side. In vivo, the liquid is highlighted in red and is hold by the tongue that appears darker
where contracted.
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Figure 3: Several snapshots illustrating the liquid flow in the model swallowing experiment,
using a bolus viscosity µ = 0.053 Pa s. Snapshots from different experiments using different
applied forces (1.1 to 2.7 N) are reported in different rows.
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Figure 4: Effect of the driving force on the flow of a µ = 0.053 Pa s liquid, using h′ = 0.2 mm,
V0 = 6 mL -(a) angular position of bolus tail (b) angular velocity of bolus tail. In the latter,
experimental results are plotted using solid lines and theoretical results using dashed lines.
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Figure 5: Effect of liquid viscosity on the angular velocity of the bolus tail for a driving force
of F = 2 N (a) and F = 4 N (b). Experimental results are plotted using solid lines and
theoretical results using dashed lines.
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Figure 6: Residual bolus mass as a function of (a) the bolus viscosity for F = 4 N, h′ = 0.2
mm, V0 = 6 mL - (b) the gap and the driving force, µ = 0.053 Pa s, V0 = 6 mL - (c) the bolus
volume and the gap, F = 4.1 N, µ = 0.441 Pa s
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Figure 7: Influence of the net applied force and of the liquid viscosity on the bolus transit
time predicted by the theory.
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